There is now persuasive evidence that trigeminal neuralgia is usually caused by demyelination of trigeminal sensory fibres within either the nerve root or, less commonly, the brainstem. In most cases, the trigeminal nerve root demyelination involves the proximal, CNS part of the root and results from compression by an overlying artery or vein. Other causes of trigeminal neuralgia in which demyelination is involved or implicated include multiple sclerosis and, probably, compressive spaceoccupying masses in the posterior fossa. Examination of trigeminal nerve roots from patients with compression of the nerve root by an overlying blood vessel has revealed focal demyelination in the region of compression, with close apposition of demyelinated axons and an absence of intervening glial processes. Similar foci of nerve root demyelination and juxtaposition of axons have been demonstrated in multiple sclerosis patients with trigeminal neuralgia. Experimental studies indicate that this anatomical arrangement favours the ectopic generation of spontaneous nerve impulses and their ephaptic conduction to adjacent fibres, and that spontaneous nerve activity is likely to be increased by the deformity associated with pulsatile vascular indentation.
Introduction
Classical trigeminal neuralgia (tic douloureux) has an annual incidence of~4.5 per 100 000 (Yoshimasu et al., 1972; Katusic et al., 1991) . It is characterized by recurrent episodes of intense, lancinating pain localized to small areas of the face. The onset is usually in middle or old age, but young adults and children can also be affected (Mason et al., 1991; Resnick et al., 1998; Childs et al., 2000) . Attacks usually
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Decompression of the nerve root produces rapid relief of symptoms in most patients with vessel-associated trigeminal neuralgia, probably because the resulting separation of demyelinated axons and their release from focal distortion reduce the spontaneous generation of impulses and prevent their ephaptic spread. The role of remyelination in initial symptomatic recovery after decompression is unclear. However, remyelination may help to ensure that relief of symptoms is sustained after decompression of the nerve root and may also be responsible for the spontaneous remission of the neuralgia in some patients. In addition to causing symptomatic relief, vascular decompression leads to rapid recovery of nerve conduction across the indented root, a phenomenon that, we suggest, is likely to reflect the reversal of compression-induced conduction block in larger myelinated fibres outside the region of demyelination. Trigeminal neuralgia can occur in association with a range of other syndromes involving vascular compression and hyperactivity of cranial nerves. Clinical observations and electrophysiological studies support the concept that demyelination and ephaptic spread of excitation underlie most, if not all, of these conditions. last only seconds but may recur repeatedly within a short period of time. The attacks are often, but not always, precipitated by mild sensory stimulation of so-called trigger zones, which may be located anywhere within the territory of the affected trigeminal nerve. Typical antecedent stimuli include light touching, draughts of wind, eating, drinking, washing, shaving and applying make-up. The neuralgia tends to occur in bouts over a period of weeks or months, with subsequent spontaneous remission that may last months or years. In time, however, attacks usually become more frequent and the pain more sustained (Fromm, 1989) . Although not usually significant clinically, the cutaneous perception of temperature and light touch is slightly impaired within the affected trigeminal divisions (Bowsher, 1997; Bowsher et al., 1997) .
Aetiology
Most cases are caused by compression of the trigeminal nerve root, usually within a few millimetres of entry into the pons, i.e. the root entry zone. In a few cases, trigeminal neuralgia is due to a primary demyelinating disorder. Other, rare causes include infiltration of the nerve root, gasserian ganglion or nerve by a tumour or amyloid, and small infarcts or angiomas in the pons or medulla. Once all of these possibilities have been excluded, there remains a small proportion of patients in whom the aetiology is undetermined.
Compression of the trigeminal nerve root
Much the commonest cause of trigeminal neuralgia is focal compression of the trigeminal nerve root, close to its point of entry into the pons, by an aberrant loop of artery or vein. This was first recognized as a cause of trigeminal neuralgia by Jannetta (Jannetta, 1967) and is now thought to account for 80-90% of cases (Haines et al., 1980; Jannetta, 1980; Richards et al., 1983; Fukushima, 1990; Meaney et al., 1995a; Bowsher, 1997; Hamlyn, 1997; McLaughlin et al., 1999) . The part of the nerve root that is usually compressed (the root entry zone) is actually within CNS tissue, which extends several millimetres along the root, so that the junction between CNS and PNS is well away from the surface of the pons. Rarely, trigeminal neuralgia results from vascular compression of the nerve root by a saccular aneurysm (Ildan et al., 1996) or an arteriovenous malformation (Figueiredo et al., 1989; Ito et al., 1996) .
A wide range of other compressive lesions can cause trigeminal neuralgia. These include vestibular schwannomas (Matthies and Samii, 1997) , meningiomas (Haddad and Taha, 1990; Ogasawara et al., 1995) , epidermoid cysts (Jamjoom et al., 1996; Mohanty et al., 1997) and various other cysts and tumours Revuelta et al., 1995; Jamjoom et al., 1996; Matsuura and Kondo, 1996) . In several reported cases, the neuralgia was contralateral to the side of the mass lesion (Haddad and Taha, 1990; Revuelta et al., 1995; Matsuura and Kondo, 1996) . Compression of the trigeminal nerve root may be mediated by the tumour itself, by an interposed blood vessel or by distortion of the contents of the posterior fossa with displacement of the nerve root against a blood vessel or the skull base. In a series of 26 patients whose trigeminal neuralgia was associated with an extra-axial tumour in the posterior fossa, vascular compression of the trigeminal nerve root entry zone was found in all cases (Barker et al., 1996) . Fujimaki and colleagues described recurrent trigeminal neuralgia in two patients in whom prosthetic material (in one case Teflon, in another polyurethane sponge) used in the course of microvascular decompression of the trigeminal nerve root gradually hardened, eventually compressing the root and causing recurrence of the neuralgia (Fujimaki et al., 1996) . Rarely, trigeminal neuralgia results from bony compression of the nerve, e.g. due to an osteoma (Ruelle et al., 1994) or deformity resulting from osteogenesis imperfecta (Reilly et al., 1995) . Schwannomas arising from the trigeminal nerve root may present with typical trigeminal neuralgia (McCormick et al., 1988) .
Primary demyelinating disorders
Trigeminal neuralgia is a well-recognized complication of multiple sclerosis (Jensen et al., 1982; Moulin et al., 1988; Soustiel et al., 1996; Moulin, 1998) . Typically, a plaque of demyelination encompasses the root entry zone of the trigeminal nerve in the pons (Lazar and Kirkpatrick, 1979; Hilton et al., 1994; Meaney et al., 1995b; Crooks and Miles, 1996; Gass et al., 1997) . Rarely, patients with peripheral nerve demyelination due to Charcot-Marie-Tooth disease develop trigeminal neuralgia (Coffey and Fromm, 1991) . Vascular compression of the trigeminal nerve root may contribute to trigeminal neuralgia even in patients with demyelinating disorders; compression of the root entry zone by a blood vessel has been demonstrated in a sizeable minority of patients with multiple sclerosis and trigeminal neuralgia (Meaney et al., 1995a, b; Crooks and Miles, 1996; Broggi et al., 1999 Broggi et al., , 2000 and in an occasional patient with Charcot-Marie-Tooth disease (Meaney et al., 1995a) . In many such cases, decompression of the nerve root leads to relief of symptoms.
Infiltrative disorders of the trigeminal nerve root, gasserian ganglion and nerve
The principal infiltrative causes of trigeminal neuralgia are carcinomatous deposits within the nerve root, gasserian ganglion and nerve (Chong, 1996) and trigeminal amyloidomas (Bornemann et al., 1993; Love et al., 1997) .
Non-demyelinating lesions of the pons or medulla
Small numbers of patients have been reported in whom trigeminal neuralgia was associated with a small infarct (Nakamura et al., 1996; Golby et al., 1998) or angioma (Saito et al., 1989) in the brainstem.
Familial trigeminal neuralgia
In the vast majority of cases, trigeminal neuralgia is a sporadic disorder. Familial occurrence has been reported in Charcot-Marie-Tooth disease (Coffey and Fromm, 1991) . A family with trigeminal and/or glossopharyngeal neuralgia affecting several individuals in three generations was described by Knuckey and Gubbay (Knuckey and Gubbay, 1979) , and Duff and colleagues described a family with seven affected family members in two successive generations (Duff et al., 1999) . A further inherited disorder in which there is a theoretical risk of trigeminal neuralgia is autosomal dominant hypertension and brachydactyly. Naraghi and colleagues, who had previously mapped this disorder to chromosome 12p, reported that the hypertension was consistently associated with neurovascular anomalies, consisting of loops of posterior inferior cerebellar or vertebral artery that compressed the ventrolateral aspect of the medulla ) (see below, Relationship to other syndromes involving vascular compression and hyperactivity of cranial nerves); one might expect these patients also to be at increased risk of trigeminal neuralgia because of compression of the trigeminal nerve root by the abnormally tortuous blood vessels.
Pathology
Early ultrastructural studies (Kerr and Miller, 1966; Beaver, 1967) concentrated on the morphology of the trigeminal ganglion and nerve and described a range of abnormalities of myelin sheaths, including proliferative degenerative changes and myelin disintegration. However, most of these changes were probably artefactual and similar findings were present in some of the control cases. These studies antedated the observations of Jannetta and others on the association of trigeminal neuralgia with vascular compression of the nerve root.
Compression of the trigeminal nerve root
The first detailed description of ultrastructural abnormalities in the nerve root in the region of vascular compression was by Hilton and colleagues (Hilton et al., 1994) . The authors observed focal loss of myelin and close apposition of demyelinated axons. There were few residual oligodendrocytes and no inflammatory cells. Immunoelectron microscopy for glial fibrillary acid protein revealed that astrocyte processes were largely confined to the periphery of the lesion. Of a further six trigeminal rhizotomy specimens from patients with trigeminal neuralgia in the absence of detectable vascular compression of the nerve root, only one, from a patient with multiple sclerosis, showed demyelination, but in that case astrocyte processes separated many of the demyelinated axons and the lesion contained perivascular clusters of perivascular lymphocytes and scattered lipid-laden macrophages.
The findings in relation to vascular compression of the nerve root were confirmed in a subsequent electron microscope study of trigeminal rhizotomy specimens from two further patients with medically intractable trigeminal neuralgia, in whom, because of the local vascular anatomy, the compressing artery or vein could not safely be repositioned (Love et al., 1998) . In both specimens, examination revealed a circumscribed zone of chronic demyelination immediately beneath the region of indentation. As in cases we have seen subsequently, the demyelination was restricted to proximal (CNS) tissue but occurred close to the junction of this part of the root with distal (PNS) tissue. Adjacent to the zone of demyelination were small numbers of thinly myelinated axons, reflecting either demyelination and remyelination, or partial demyelination of the affected fibres. In some cases a single thin myelin sheath encircled several adjacent axons that were still in close apposition, a finding that was interpreted as suggesting that aberrant remyelination had occurred. Similar findings were described by Rappaport and colleagues (Rappaport et al., 1997) . However, although Rappaport and colleagues illustrated disrupted myelin in the proximal, CNS part of the trigeminal root, they also described (but did not illustrate) the presence of large numbers of collagen fibrils in the extracellular matrix, suggesting that the abnormalities in their cases also involved the distal part of the nerve root.
Since our initial reports, we have demonstrated demyelination in several further trigeminal rhizotomy specimens from patients with vascular compression of the nerve root (Fig. 1) . In rhizotomy specimens large enough to allow assessment of the size of the zone of demyelination, this zone has been limited to the immediate vicinity of the point of vascular indentation, extending no more than~2 mm in any direction. Foci of apposition of demyelinated axons and a paucity of glial and inflammatory cells have been relatively consistent ultrastructural features in these biopsies, although in one specimen we did find a focal infiltrate of lipid-laden macrophages, suggesting that there had been recent demyelinating activity. It should also be noted that we have found the trigeminal rhizotomy specimen from a small number of patients with visible vascular compression of the nerve root on neuroimaging or at craniotomy to be ultrastructurally normal, without demyelination. However, as the region of demyelination has rarely been visible macroscopically in the cases of vascular compression and a typical rhizotomy specimen measures no more than a few millimetres in diameter, it seems likely that the lack of abnormality in a small proportion of specimens reflects sampling error rather than heterogeneity in the pathology and pathogenesis of the disorder.
In several of the reports of trigeminal neuralgia associated with tumours (see above), the nerve root was described as stretched or attenuated, but none of the resected specimens was subjected to detailed histological assessment with reference to the possibility of demyelination. However, it is of note that demyelination has been demonstrated in several experimental models of acute or chronic compression of central white matter (Gledhill et al., 1973; McDonald, 1975; Harrison and McDonald, 1977; Fish and Blakemore, 1983; Clifford-Jones et al., 1985) . Both Fish and Blakemore (Fish and Blakemore, 1983) and Clifford-Jones and colleagues (Clifford-Jones et al., 1985) commented on the occurrence of partial demyelination after chronic compression of white matter. The most persuasive evidence of this was the finding of variations in the thickness of the myelin sheath along individual internodes. In trigeminal rhizotomy specimens from patients with trigeminal neuralgia, the distribution and extent of changes are more variable than in the experimental animals and the thinly myelinated fibres, in particular, tend to be distributed quite unpredictably. In consequence, we have had only limited opportunity for detailed assessment of these fibres in longitudinal section. To date, we have not been able to demonstrate convincing variations in the thickness of myelin sheaths along individual internodes in our specimens, but this may simply reflect the limitations of our examinations. None of the reports on experimental compression of white matter refers to demyelinated axons in direct apposition or to the encirclement of occasional groups of apposed axons by a single, thin myelin sheath. This may reflect several differences between these experimental models and trigeminal neuralgia, including the greater chronicity of the compression in the human disorder and the fact that the compression is likely to be pulsatile in nature, particularly if an artery is involved rather than a vein.
Primary demyelinating disorders
We have been able to examine trigeminal rhizotomy specimens from several patients with multiple sclerosis and intractable trigeminal neuralgia in the absence of a compressive lesion (Love et al., 2001) . As noted in two other case reports (Lazar and Kirkpatrick, 1979; Hilton et al., 1994) , demyelination has been found to extend along the proximal part of the trigeminal nerve root, in some cases right up to the junction with the PNS. The appearances have tended to differ slightly from those in vascular compression in that astrocyte processes have usually been more numerous and widely distributed within the regions of demyelination in the multiple sclerosis patients. Furthermore, the rhizotomy specimens from these patients have more often shown disease activity, as evidenced by the presence of lipid-laden macrophages. However, as in the compressed nerve roots, groups of juxtaposed axons have been a consistent finding in all of the specimens from multiple sclerosis patients (Fig. 2) (Love et al., 2001) . The specimens have also all contained variable numbers of thinly myelinated fibres, both within and immediately adjacent to the regions of demyelination. 
Infiltrative disorders
The pathological findings in these conditions depend on the nature of the infiltrative process, which is usually carcinoma. Like infiltration by carcinoma, infiltration by amyloid may be very extensive, involving the trigeminal nerve, gasserian ganglion and both the distal and proximal parts of the nerve root (Love et al., 1997) .
Changes secondary to lesioning of the nerve root or gasserian ganglion
Although microvascular decompression is now widely regarded as the treatment of choice in medically intractable trigeminal neuralgia, ablative procedures are still used to treat patients in whom (i) no compressing blood vessel is demonstrable; (ii) symptoms persist despite adequate microvascular decompression; (iii) a compressing blood vessel is present but not technically amenable to safe repositioning; (iv) there are medical contraindications to surgery under general anaesthesia; and (v) appropriate surgical expertise is not available. Numerous types of ablative procedure have been used in the past (Sweet, 1985 (Sweet, , 1986 Rosenkopf, 1989; Tekkök and Brown, 1996) . The ablative techniques most commonly used nowadays are partial rhizotomy, and lesioning at the level of the gasserian ganglion by percutaneous radio-frequency thermocoagulation, injection of glycerol or balloon compression (Sweet, 1986 (Sweet, , 1988 Rosenkopf, 1989; Fujimaki et al., 1990; Moraci et al., 1992; Walchenbach et al., 1994; Tekkök and Brown, 1996) . The precise pathological findings in such cases depend on the site of lesioning but include Wallerian-type degeneration in the part of the nerve root that is proximal to the lesion and in the affected intrapontine trigeminal fibres. If the nerve root is examined soon after the ablative lesion has been made, fibres will show acute degenerative changes associated with accumulation of myelin debris and infiltration by macrophages. Older lesions result in patchy depletion of nerve fibres, astrocytic gliosis and, if the lesion is sufficiently distal (e.g. after radio-frequency lesioning), fibrosis of affected fascicles in the distal, PNS part of the nerve root. If the ganglion itself is damaged, there is also degeneration of peripheral trigeminal nerve fibres.
Pathogenesis of trigeminal neuralgia
The pathophysiology of trigeminal neuralgia has been much debated, the pain being ascribed variously to hyperactivity or abnormal discharges arising from the gasserian ganglion, the 'injured' nerve root and the trigeminal nucleus within the brainstem (Moller, 1991; Burchiel, 1993; Pagni, 1993; Rappaport and Devor, 1994; Moulin, 1998) . Any credible explanation of the pathophysiology has to account for both the abnormal generation of sensory impulses and their spread from fibres subserving light touch to pathways involved in the perception of pain in non-congruous regions of the face. The explanation has also to be reconciled with the observation that the pathological substrate of this condition in the great majority of cases appears to be demyelination, especially in the trigeminal root entry zone.
We suggest that both the abnormal generation of sensory impulses and their subsequent spread to pathways subserving the perception of pain can be accounted for by the pathological findings. There is good experimental evidence that ectopic impulses can arise from demyelinated axons (Rasminsky, 1978; McDonald, 1980, 1982) . Smith and McDonald demonstrated that many experimentally demyelinated nerve fibres in the dorsal spinal white matter of the cat were spontaneously active, discharging either in small bursts or steadily at 15-45 impulses per second for many hours McDonald, 1980, 1982) . Small deformations of the spinal cord in the region of demyelination not only increased the level of activity in fibres already discharging, but also transiently induced activity in fibres that had previously been electrically silent. In the context of vascular compression of the trigeminal nerve root, these observations raise the possibility that pulsatile compression of demyelinated axons by an overlying blood vessel may be responsible for initiating the aberrant impulses in some patients.
Insofar as the subsequent spread of impulses is concerned, we have previously argued (Hilton et al., 1994; Love et al.,1998 Love et al., , 2001 ) that the close apposition of demyelinated axons in regions of vascular compression should facilitate the ephaptic transmission of nerve impulses, as has been demonstrated between immediately adjacent non-myelinated axons in experimental studies (Ramon and Moore, 1978; Rasminsky, 1978) . Ephaptic cross-talk between fibres mediating light touch and those involved in the generation of pain may account for the precipitation of attacks of neuralgia by light tactile stimulation of facial trigger zones. The frequency of involvement of the trigeminal nerve root entry zone in multiple sclerosis patients with trigeminal neuralgia as well as in patients with vascular compression probably reflects the fact that fibres subserving light touch and those involved in the generation of pain are in closest proximity in this region, so that ephaptic cross-talk between the two pathways is most likely to occur when the demyelination is in this region (Love et al., 2001) .
Other evidence for the roles of focal demyelination and ephaptic transmission in the production of trigeminal neuralgia come from observations in patients with multiple sclerosis. Soustiel and colleagues documented a correlation between abnormal brainstem trigeminal evoked potentials and presentation with trigeminal neuralgia or dysaesthesiae in patients with multiple sclerosis (Soustiel et al., 1996) , and Hartmann and colleagues described a patient with a plaque involving the right lateral lemniscus and right trigeminal tract in whom right-sided trigeminal neuralgia was precipitated by auditory stimuli to the right ear, strongly suggesting ephaptic spread of impulse activity within the pontine lesion (Hartmann et al., 1999) .
An objection that has been raised to a central role for demyelination in the development of trigeminal neuralgia relates to the rapid clinical and electrophysiological recovery that usually occurs after surgical decompression of the affected nerve root. Many patients experience complete relief of symptoms immediately after operation, and electrophysiological monitoring of conduction through the compressed nerve root has shown very substantial recovery of conduction almost immediately after microvascular decompression in many patients (Leandri et al., 1998) . The explanation, we suggest, is that the clinical improvement and recovery of conduction reflect two distinct processes.
(i) The rapid relief of clinical symptoms probably reflects the cessation of the ectopic generation of impulses and of their ephaptic spread to adjacent fibres. Experimental studies indicate that reversal of the focal indentation and distortion of demyelinated axons is likely to reduce spontaneous impulse activity within the region of demyelination McDonald, 1980, 1982) . Release from compression should also lead to the separation of demyelinated axons that were previously compacted together, and this would be expected to prevent ephaptic cross-talk. Reperfusion through previously compressed endoneurial capillaries and venules and endoneurial oedema resulting from the trauma of surgical manipulation may further contribute to separation of the demyelinated fibres.
(ii) The recovery of conduction probably reflects rapid reversal of conduction block in relatively large-calibre, fastconducting fibres that are not demyelinated. Reversible conduction block is a well-documented manifestation of nerve fibre compression. Although most extensively investigated in the PNS, several studies have demonstrated compressioninduced conduction block within the CNS (Bennett, 1983; Sakatani et al., 1989; Shi and Blight, 1996) . This is most likely to occur during the conduction of high-frequency trains of impulses (Sakatani et al., 1989) . In compression of lowto-moderate severity, large-calibre myelinated fibres seem to be more susceptible than smaller fibres to conduction block (Battista and Alban, 1983; Fern and Harrison, 1991) . Reversal of conduction block in these larger fibres would account for the rapid fall in conduction latencies across the trigeminal nerve root as soon as it is decompressed. Compressioninduced conduction block in a proportion of the larger myelinated fibres may also explain the mild reduction in the perception of light touch over a more extensive area of trigeminal innervation than could be attributed to the impairment of conduction across the relatively small zone of nerve root demyelination.
The fact that clinical improvement appears to be dissociated from recovery of conduction in some patients after microvascular decompression supports the concept that these are two distinct processes that are simply related by their common aetiology: nerve root compression.
The pathogenesis of some phenomena related to trigeminal neuralgia remains unclear. These include the very occasional triggering of attacks by stimuli outside of the field of innervation of the trigeminal nerve, and even by bright lights or loud noises (Bowsher, 1997) , which must involve central pathways. Another well-documented finding in some patients is the occurrence of a refractory period of seconds to minutes after an attack of trigeminal neuralgia, during which further attacks cannot be provoked (Kugelberg and Lindblom, 1959) . Experimental studies have shown the length of time for which nerve fibres are refractory to further excitation to be increased after demyelination in both the PNS (Smith and Hall, 1980) and the CNS (Smith et al., 1981) , but the duration of the refractory period in these experimental studies is much shorter than that in patients with trigeminal neuralgia. However, factors other than the demyelination per se could conceivably delay the restoration of membrane potentials and excitability after an episode of trigeminal neuralgia. These include impaired mitochondrial generation of ATP in an environment of focal endoneurial ischaemia due to the nerve root compression, with resulting delay in the restoration of ionic gradients after a burst of discharges, and the paucity of extracellular fluid and increased longitudinal resistance to ionic current between closely juxtaposed demyelinated axons.
The role, if any, of remyelination in initial symptomatic recovery after microvascular decompression is unclear. Clearly, remyelination cannot account for the immediate relief from neuralgia. In the longer term, however, it is possible that remyelination helps to ensure that relief of symptoms is sustained. Remyelination may also be responsible for spontaneous remission of trigeminal neuralgia in some patients. Failure of microvascular decompression to relieve symptoms is most common in patients with very long-standing disease, in whom severe local depletion of oligodendrocytes and astrocytes may prevent effective remyelination after decompressive surgery. A further possibility is that the aberrant remyelination that is occasionally seen in the compressed nerve root (Love et al., 1998) may, by preventing the separation of groups of apposed axons after decompression, contribute to the failure of this procedure in a few patients.
Relationship to other syndromes involving vascular compression and hyperactivity of cranial nerves
Several syndromes involving hyperactivity and the abnormal spread of activity within the distribution of innervation of cranial nerves VII-XII are now known to be associated with vascular compression of the relevant cranial nerve roots in most patients. The credit for recognizing this goes to Jannetta, whose description of the common basis of these disorders is difficult to better (Jannetta, 1980) : 'As we age, our arteries elongate and our brains ''sag''. As a consequence of these processes, redundant arterial loops and bridging or intrinsic hindbrain veins may cause crosscompression of cranial nerve root entry zones in the cerebellopontine angle. This pulsatile compression can be seen to produce hyperactive dysfunction of the cranial nerve. Symptoms of trigeminal or glossopharyngeal neuralgia (somatic sensory), hemifacial spasm (somatic motor), tinnitus and vertigo (special sensory) and some cases of 'essential' hypertension are caused by these vessels compressing cranial nerves V, IX-X, VII, VIII, left X and the medulla oblongata. Using microsurgical techniques, the symptoms may be relieved by vascular decompression.'
As indicated by Jannetta, these syndromes share many pathogenetic features. Some of the information that has been acquired in the study of these disorders provides further insight into the pathophysiology of trigeminal neuralgia. There is now overwhelming evidence that vascular compression of the facial and glossopharyngeal nerves is responsible for most cases of hemifacial spasm and glossopharyngeal neuralgia, respectively (Jannetta, 1977; Laha and Jannetta, 1977; Bruyn, 1983; Calbucci et al., 1986; Michelucci et al., 1986; Wakiya et al., 1989; Fukushima, 1990; Sindou et al., 1991; Tash et al., 1991; Barker et al., 1995; Du et al., 1995; Hosoya et al., 1995; Resnick et al., 1995; Kondo, 1998; McLaughlin et al., 1999) . As is the case for trigeminal neuralgia, these other syndromes of cranial nerve hyperactivity are occasionally induced by compression resulting from tumours or bony deformity of the posterior fossa (Occhiogrosso et al., 1980; Greene et al., 1995; Ogasawara et al., 1995; Matsuura and Kondo, 1996; Occhiogrosso et al., 1996; Kamiguchi et al., 1997; Glocker et al., 1998) , by multiple sclerosis (Minagar and Sheremata, 2000) and other pontine lesions (McCarron and Bone, 1999) . Of relevance to our consideration of the pathogenesis of trigeminal neuralgia are electrophysiological studies showing ephaptic spread of impulses between different branches of the facial nerve to be a consistent finding in patients with hemifacial spasm (Moller and Jannetta, 1984, 1986; Nielsen and Jannetta, 1984; Tankere et al., 1998; Eekhof et al., 2000) . Moller and colleagues found the latency of the earliest ephaptically induced response from the orbicularis oculi muscle after stimulation of the marginal mandibular branch of the facial nerve to be longer than the sum of the latencies to and from the root entry zone and suggested that ephaptic spread of impulses at the level of the root entry zone was therefore unlikely (Moller and Jannetta, 1984) . However, this interpretation takes no account of delays in conduction resulting from the presence of thinly myelinated and demyelinated fibres in the region of compression. It is also of note that, in most patients, both ephaptic excitation and spontaneous afterdischarges cease rapidly after decompression (Nielsen and Jannetta, 1984; Moller and Jannetta, 1985) , strongly supporting the concept that these phenomena are directly related to abnormalities at the site of compression.
More recently recognized syndromes of compressioninduced cranial nerve hyperactivity include superior oblique myokymia due to vascular compression of the root entry zone of the trochlear nerve (Samii et al., 1998) ; 'vestibular paroxysmia' (Brandt and Dieterich, 1994) , hyperacusis and tinnitus, due to vascular compression of the vestibulocochlear nerve in the cerebellopontine angle (Jannetta, 1977; Lesinski et al., 1979; Jannetta et al., 1986; Moller et al., 1993; Brandt and Dieterich, 1994; Ryu et al., 1998a; Okamura et al., 2000) ; geniculate neuralgia, due to vascular compression of the nervus intermedius (Lovely and Jannetta, 1997) ; spontaneous gagging and dysphagia due to vascular compression of the vagus adjacent to the medulla ; and spasmodic torticollis associated with vascular compression of the cranial accessory nerve close to the medulla (Pagni et al., 1985; Saito et al., 1993; Jho and Jannetta, 1995) . In a significant proportion of patients with vascular compression of cranial nerve roots, multiple syndromes of cranial nerve hyperactivity are present in combination (Morales et al., 1977; Jamjoom et al., 1990; Kobata et al., 1998; Ryu et al., 1998b; Van et al., 1999) .
A disorder that is aetiologically related to syndromes of cranial nerve compression and hyperactivity is essential hypertension associated with arterial compression of the ventrolateral aspect of the rostral medulla in the region of entry of the left glossopharyngeal and vagus nerve roots, and it usually responds well to vascular decompression (Fein and Frishman, 1980; Jannetta et al., 1985a) . This association has been confirmed in several studies (Kleineberg et al., 1991 Naraghi et al., 1994; Akimura et al., 1995; Morimoto et al., 1997a; Saglitz et al., 1997; Geiger et al., 1998) . Other syndromes of cranial nerve compression and hyperactivity may be present in these patients (Jannetta et al., 1985a; Platania et al., 1997; Kobata et al., 1998; Defazio et al., 2000) . Hypertension has also been induced experimentally by pulsatile compression of the rostral ventrolateral medulla in primates (Jannetta et al., 1985b) and rats (Morimoto et al., 1997b) .
The precise pathogenesis of hypertension associated with vascular compression of the medulla is still unclear but involves increases in sympathetic nerve activity and heart rate and elevated plasma levels of noradrenaline and possibly adrenaline, but not renin, aldosterone or vasopressin (Makino et al., 1999; Morimoto et al., 1997b Morimoto et al., , 1999 ). Naraghi and colleagues conducted an autopsy study of 24 patients with essential hypertension, 10 with renal hypertension and 21 normotensive controls, and examined the anatomical relationships of blood vessels on the surface of the medulla whilst they were perfused artificially . Although the authors observed vascular compression of the ventrolateral medulla in all cases of essential hypertension and in none of the other autopsies, there was no histological evidence that the compression had produced any structural lesions in the underlying medulla. The pathological and electrophysiological substrates of this condition, involving compression of the brainstem itself, may therefore be different from those of the syndromes of cranial nerve compression and hyperactivity. However, it remains possible that the pulsatile indentation of the medulla causes demyelination, as very small foci of demyelination, such as those in compressed trigeminal nerve roots, would not have been discernible on paraffin histology.
